Alzheimer's Disease (AD) is a neurodegenerative disorder that is characterized by extracellular deposits of amyloid-␤ peptide (A␤) and a severe depletion of the cholinergic system, although the relationship between these two events is poorly understood. In the neocortex, there is a loss of cholinergic fibers and receptors and a decrease of both choline acetyltransferase (ChAT) and acetylcholinesterase enzyme activities. The nucleus basalis of Meynert (NBM), which provides the major cholinergic input to the neocortex, undergoes profound neuron loss in AD.
Alzheimer's Disease (AD) is a neurodegenerative disorder that is characterized by extracellular deposits of amyloid-␤ peptide (A␤) and a severe depletion of the cholinergic system, although the relationship between these two events is poorly understood. In the neocortex, there is a loss of cholinergic fibers and receptors and a decrease of both choline acetyltransferase (ChAT) and acetylcholinesterase enzyme activities. The nucleus basalis of Meynert (NBM), which provides the major cholinergic input to the neocortex, undergoes profound neuron loss in AD.
In the present study, we have examined the cholinergic alterations in amyloid precursor protein transgenic mice (APP23), a mouse model of cerebral ␤-amyloidosis. In aged APP23 mice, our results reveal modest decreases in cortical cholinergic enzyme activity compared with age-matched wild-type mice. Total cholinergic fiber length was more severely affected, with 29 and 35% decreases in the neocortex of aged APP23 mice compared with age-matched wild-type mice and young transgenic mice, respectively. However, there was no loss of cholinergic basal forebrain neurons in these aged APP23 mice, suggesting that the cortical cholinergic deficit in APP23 mice is locally induced by the deposition of amyloid and is not caused by a loss of cholinergic basal forebrain neurons. To study the impact of cholinergic basal forebrain degeneration on cortical amyloid deposition, we performed unilateral NBM lesions in adult APP23 mice. Three to 8 months after lesioning, a 38% reduction in ChAT activity and significant cholinergic fiber loss were observed in the ipsilateral frontal cortex. There was a 19% decrease in A␤ levels of the ipsilateral compared with contralateral frontal cortex with no change in the ratio of A␤40 to A␤42. We conclude that the severe cholinergic deficit in AD is caused by both the loss of cholinergic basal forebrain neurons and locally by cerebral amyloidosis in the neocortex. Moreover, our results suggest that disruption of the basal cholinergic forebrain system does not promote cerebral amyloidosis in APP23 transgenic mice.
Key words: Alzheimer's disease; APP; amyloid; basal forebrain; cholinergic system; ChAT; AChE; neurodegeneration; nucleus basalis of Meynert; neocortex; lesion; mouse; stereology; hippocampus; aging Alzheimer's disease (AD) is a progressive neurodegenerative disorder that affects a large proportion of elderly people. Although genetic factors seem to strongly contribute to disease susceptibility, only a small number of cases are caused by dominant mutations (Selkoe, 1999) . To date, all such mutations alter processing of the amyloid precursor protein (APP), leading to changes in the production or fibrillization of amyloid-␤ (A␤), the major constituent of amyloid plaques found in AD brain (Hardy, 1997; Selkoe, 1997; Haass and Steiner, 2001) .
Besides the extracellular deposition of A␤, the AD brain is characterized by intracellular neurofibrillary tangles and profound changes in the cholinergic system (Bartus et al., 1982; Coyle et al., 1983; Goedert, 1993) . In both neocortex and hippocampus of AD brain, a loss of cholinergic fibers and terminals, decreases in cholinergic receptors and/or signal transduction, and significant reductions in choline acetyltransferase (ChAT) and acetylcholinesterase (AChE) enzyme activities have been reported Perry et al., 1992; Ransmayr et al., 1992; Bierer et al., 1995; Jope et al., 1997; Geula et al., 1998; Ladner and Lee, 1998) .
The major cholinergic innervation to the cerebral cortex originates from the nucleus basalis of Meynert (NBM), together with the horizontal limb of the diagonal band of Broca, the ventral pallidum, the magnocellular preoptic area, the substantia innominata, and the nucleus of the ansa lenticularis (hereafter referred to as the NBM complex). Cholinergic innervation to the hippocampus is mainly provided by the medial septum (MS) and the vertical limb of the diagonal band of Broca (VDB) (McKinney et al., 1983; Gaykema et al., 1990; Kitt et al., 1994) . In AD brain, a profound loss of these cholinergic basal forebrain neurons has been reported (Whitehouse et al., 1982; Vogels et al., 1990; Jope et al., 1997; Cullen and Halliday, 1998) . This neuron loss may be caused secondarily as a result of A␤ neurotoxicity to the cholinergic terminals followed by retrograde degeneration. Alternatively, degeneration of cholinergic basal forebrain neurons may be the primary lesion with subsequent loss of cortical cholinergic innervation.
The relationship between cerebral amyloidosis and cholinergic depletion in AD remains poorly understood (Roberson and Harrell, 1997; Auld et al., 1998; Geula et al., 1998) . It has been demonstrated that stimulation of muscarinic acetylcholine receptor subtypes increases non-amyloidogenic APP processing (Nitsch et al., 1992) . It has also been reported that AChE accelerates the assembly of A␤ into insoluble amyloid fibrils (Inestrosa et al., 1996) . Accordingly, dysfunction of the cholinergic system may influence cerebral amyloidosis. Vice versa, it has been demonstrated that A␤ is neurotoxic to cholinergic neurons and that low concentrations of A␤ can directly inhibit cholinergic signaling (Auld et al., 1998; Pettit et al., 2001) . Thus, increased A␤ levels may contribute physiologically and/or pathologically to the cholinergic changes in AD brain.
Several APP transgenic mouse models have been generated that exhibit age-related A␤ deposition in plaques and vessels predominantly in the neocortex and hippocampus (Games et al., 1995; Hsiao et al., 1996; Sturchler-Pierrat et al., 1997) . The amyloid deposits display major characteristics of human AD plaques and human cerebral amyloid angiopathy including congophilic A␤ cores, amyloid-associated cell death, dystrophic neurites, activated microglia, and reactive astrocytes (Masliah et al., 1996; Frautschy et al., 1998; Calhoun et al., 1999; Phinney et al., 1999; Stalder et al., 1999; Van Dorpe et al., 2000; Winkler et al., 2001; Bondolfi et al., 2002) . These mouse models offer the opportunity to study cholinergic alterations that result from, or lead to, cerebral amyloidosis. To this end we have used biochemical and morphological techniques to assess cholinergic changes in neocortex and basal forebrain of APP23 transgenic mice. Moreover, to test the hypothesis that cortical cholinergic depletion has an effect on amyloid plaque formation we have lesioned the NBM in APP23 mice.
MATERIALS AND METHODS
Animals. The generation of the B6,D2-TgN(Thy1-APP Swe ) transgenic mouse line (APP23) is described elsewhere (Sturchler-Pierrat et al., 1997) . In brief, APP 751 cDNA with the Swedish mutation (K670N-M671L) was inserted into an expression cassette comprising a murine Thy-1.2 gene construct, and mice were generated by pronuclear injection. The founder mice were then back-crossed with C57BL /6 mice. APP23 mice of generations F5-F10 and corresponding wild-type mice were used. The wild-type control mice were either littermates or nontransgenic age-matched mice from another litter of the same generation of backcrossing.
ChAT and AChE enz yme activities. Mice were killed by decapitation, and the frontal cortex was dissected on ice. The tissue was weighed, snap-frozen on dry ice, and stored at Ϫ80°C until analysis. Tissue was homogenized 1:50 (w/ v) in 10 mM EDTA containing 0.5% Triton X-100 at pH 7.4. ChAT enzyme activity was measured by a slight modification (Kelly and Moore, 1978) of the method of Fonnum (1975) . In brief, tissue homogenates were incubated in a water bath at 37°C in an incubation mixture containing (in mM): 300 NaC l, 8 choline iodide, 20 EDTA, 0.1 eserine hemisulfate, and 0.2 acetyl-[1-14 C]-coenzyme A in 50 mM phosphate buffer, pH 7.4 (final concentrations). After stopping the production of radioactively labeled acetylcholine with ice-cold 10 mM sodium dihydrogen phosphate, pH 7.4, the solutions were transferred into scintillation vials, and sodium tetraphenylboron (0.5% in acetonitrile; Merck, Darmstadt, Germany) and the scintillant (0.05% PPO in toluene) were added. Labeled acetylcholine was determined by liquid scintillation counting in the biphasic aqueous, toluene scintillation solution mixture. ChAT enzyme activity was expressed in micromoles per 100 mg of protein per hour. Protein concentration was measured using the Bio-Rad (Munich, Germany) protein assay.
For AChE activity, samples of the same homogenates were sonicated, and aliquots were assayed for AChE activity by colorimetric determination by the method of Ellman et al. (1961) and Cutler et al. (1998) . In short, after centrif ugation for 15 min (15,000 rpm, 4°C), aliquots from the clear supernatant were used as enzyme source. T wenty microliters of supernatant (quadruplicates) were placed in a 96-well flat-bottom microtest plate. The reaction was started by adding the following substratereagent mixture, using an automatic plate dispenser (Titertek Autodrop): 0.5 mM acetylthiocholine iodide (Fluka, Buchs, Switzerland), 1 mM tetraisopropylpyrophosphoramide (iso-OM PA; Sigma, Buchs, Switzerland), and 0.25 mM 5,5Ј-dithiobis-2-nitrobenzoate (Fluka) in 0.1 M phosphate buffer, pH 7.4. The plate was then placed in the automatic MicroReader (Molecular Devices, Palo Alto, CA; UVmax) that recorded the occurrence of the yellow reaction product at 405 nm. The data were processed by a program (Softmax; Molecular Devices) controlled by the plate reader. The calculation of the enzymatic activity (performed by the computer program) is based on a change in optical density in the linear range over time using the molar extinction coefficient of the reaction product (13.3 cm 2 /mmol). AChE enzyme activity was expressed in nanomoles per milligram of protein per minute.
Immunohistochemistr y. Perf usion-or immersion-fixed brains were paraffin embedded according to a previously published procedure (C alhoun et al., 1998a ) that involved post-fixation in increasing alcohol concentrations and clearing with C edarwood oil and methyl salicylate (Aldrich, Buchs, Switzerland). Serial coronal sections (25 m) were cut with a microtome, and immunohistochemistry was performed using the avidinbiotin -peroxidase method (C alhoun et al., 1998a) . In brief, paraffin sections were deparaffinized in xylene, then placed in 100% ethanol for 10 min followed by 30 min in methanol with 0.3% H 2 O 2 . Sections were rinsed in PBS and incubated for 1 hr in 5% goat or horse serum (Vector Laboratories, Burlingame, CA) in a humid chamber. Sections were then incubated overnight with a primary antibody in PBS with 3% serum. After rinsing, sections were incubated for 1 hr with biotinylated secondary antibody (Vector Laboratories) diluted 1:200 in PBS. Sections were rinsed again and incubated with the avidin -biotin -peroxidase complex (1:50; ABC Elite kit; Vector Laboratories) in PBS. Finally, sections were reacted with 3Ј,3-diaminobenzidine-dihydrochloride (DAB; Sigma; 0.08%) and 0.03% hydrogen peroxide in PBS, rinsed, dehydrated, cleared in xylene, and coverslipped. On N BM-lesioned tissue (see below) immunohistochemistry was done on free-floating, fixed-frozen sections according to a previously published protocol , similar to the procedure described above. The following antibodies were used: polyclonal anti-A␤ (N T12; 1:500 and 1:2000 for paraffin and frozen sections, respectively) (Schrader-Fischer and Paganetti, 1996) and polyclonal anti-ChAT (AB144P; 1:500 for paraffin sections; Chemicon, Temecula, CA).
AChE histochemistr y. Mice were deeply anesthetized with an intraperitoneal injection of an overdose of pentobarbital (50 mg /ml Nembutal) and transcardially perf used with 4% paraformaldehyde in PBS. Brains were removed, post-fixed for 24 hr in 4% paraformaldehyde, cryoprotected in 30% sucrose in PBS, frozen in isopentane at Ϫ25°C, and serially sectioned at 40 m on a freezing-sliding microtome. AChE immunohistochemistry was performed according to a previously published method (Hedreen et al., 1985) . Some sections were also immunostained with a polyclonal antibody to AChE (Marsh et al., 1984) (gift of J. Massoulie, Paris, France). No qualitative difference was noted between the histochemical and immunohistochemical reaction confirming previous findings in the rat (Jucker et al., 1996) . Histochemical AChE staining was however more reliable and more distinct and was taken for quantitative analysis of cholinergic fiber length (see below).
To study the localization of AChE in more detail, some of the tissue was fixed with paraformaldehyde plus 1% glutaraldehyde, cut on a vibratome (60 m), stained for AChE, and plastic-embedded according to a previously published protocol . Semithin (0.5 m) and ultrathin (80 nm) sections were cut on a ultramicrotome. Sections were collected on Formvar-coated nickel grids and viewed under high-power light microscopy or electron microscopy.
Stereolog ical assessment of cholinerg ic fiber length. Stereological techniques were used to estimate the total length of AChE-positive fibers in the neocortex (Table 1) . To this end, every 16 th section throughout the neocortex was histochemically stained for AChE according to the above described protocol. The volume of the neocortex was estimated by superimposing a point-grid on each section and counting the points over neocortex, according to the C avalieri principle (West et al., 1991; C alhoun et al., 1998b) . AChE-positive fiber density was then estimated by superimposing a system of test lines, and intersections of test lines with fibers were counted within the volume of disectors systematically spaced throughout the neocortex using the 100ϫ objective (2756ϫ final magnification) with a numerical aperture of 1.3 (Stocks et al., 1996) . This number of intersections between fibers and test lines of a known length produces a result directly related to the length of the fibers themselves within the disector volume (Howard et al., 1992) . Because length measurement was performed on coronal sections in all cases, it is assumed that no overall directional orientation with respect to the plane of section exists for cholinergic fibers as they innervate the cortex. AChE-positive fiber length was calculated by multiplying the region volume by the fiber length density (West, 1993) . Stereological analysis was performed with the aid of Stereologer software and a motorized x-y-z stage coupled to a video microscopy system (Systems Planning and Analysis, Alexandria, VA). Post-processing section thickness was measured using a focus drive accurate to Ϯ0.1 m (Applied Scientific Instrumentation, Eugene, OR). Coefficient of error was calculated according to West et al. (1991) and was well below biological variability. Region definitions of neocortex were based on a recent mouse brain atlas (Franklin and Paxinos, 1997) .
Stereolog ical assessment of amyloid load. Amyloid load was assessed on every 20 th paraffin section throughout the neocortex immunostained with N T12. The percentage of neocortical volume occupied by amyloid (amyloid load) was determined by sampling through the entire neocortex with a 20ϫ objective (numerical aperture, 0.45) and counting the percentage of points from a superimposed point grid that hit amyloid (Table 1 ) (C alhoun et al., 1998b) . Stereological analysis was performed with the Stereologer software described above.
Number and volume of ChAT-positive basal forebrain neurons. For estimation of the number (West et al., 1991) and volume (Jensen and Gundersen, 1993) of ChAT-positive cells in the basal forebrain, systematic random series of ChAT-stained paraffin sections were analyzed using a fractionator sampling scheme. For quantitative analysis ChAT-positive neurons in the N BM complex that provide the major cholinergic innervation to the neocortex were combined. Similarly cholinergic neurons in the MS and V DB, that provide the cholinergic innervation to the hippocampus were combined for analysis. Every eighth section throughout the N BM complex and every fourth section throughout the MS -VDB were collected. On each section a point grid was placed randomly over the region to determine the systematic-random placement of the optical disectors. The total number of ChAT-positive neurons within the threedimensional optical disectors throughout the region were then counted. Objects were counted by focusing through the counting frame using a 63ϫ objective with a numerical aperture of 1.25. The nuclei of ChATpositive cells were the selected objects for counting (Table 1) . Additionally, the volume of each counted cell was estimated. For practical reasons, the tissue could not be randomly rotated during sectioning, and it was thus assumed that there is no change in preferred orientation of the cells in the basal forebrain (Gundersen et al., 1988) . A vertical line with three perpendicular grid lines were superimposed, and intersections of grid lines with the cell soma were identified. The mean length of these lines is proportional to neuron volume (Jensen and Gundersen, 1993) , although in this case the value is orientation-dependent. Stereological analysis was performed with the Stereologer software described above.
NBM Lesions. Animals were deeply anesthetized using a combination of ketamine (10 mg / kg body weight; Ketalar; Parke-Davis, Ann Arbor, M I) and xylazine (20 mg / kg body weight; Rompun, Bayer, Germany) in saline administered intraperitoneally. Using stereotaxic surgery, the scalp was cut, a hole was drilled, and an electrode was lowered into the N BM [anteroposterior (bregma), Ϫ0.2 mm; lateral, 1.5 mm; dorsoventral (dura), Ϫ4.5 mm]. A current flow of 0.5 mA was passed for 15 sec. Half of the mice received an additional sham lesion on the contralateral side, in which the electrode was lowered, but no current was passed through. The lesion side was alternated evenly over the groups.
Mice were killed 3-8 months later by decapitation. Brains were removed, and a small piece of the ipsilateral and contralateral frontal neocortex was dissected and combined with a small piece from the ipsilateral and contralateral motor-somatosensory cortex as previously described (Kelly and Moore, 1978) . The dissected tissue was weighed, snap-frozen on dry ice, and assayed for ChAT enzyme activity (described above) and APP/A␤ (see below). The rest of the brain was immersionfixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, and frozen. Serial coronal 40 m sections were cut throughout the frontal cortex, and alternate sections were stained for A␤ and AChE or double-stained for both. Amyloid load was then determined stereologically on the A␤-stained sections (see above), discarding the sections missing the dissected pieces. This yielded a total of 5-15 A␤-stained sections through the frontal cortex per mouse. Percentage of amyloid load was determined for both hemispheres separately.
A␤ load and A PP processing using Western blotting. It has previously been demonstrated that amyloid cores in APP23 mice are completely soluble in SDS (Kuo et al., 2001) . Thus, the tissue samples used to determine ChAT activities (see above) were diluted 1:3 (weight / volume) in 1.5ϫ SDS-sample buffer (containing 1% SDS) and separated using a 10% SDS-polyacrylamide gel containing 8 M urea (K lafki et al., 1996) . For amyloid quantification 2 l was loaded from the unlesioned and lesioned side. After separation, proteins were transferred to Immoblin-P (Millipore, Bedford, M A) with a Bio-Rad semidry transfer apparatus for 1 hr at 25 V, according to Wiltfang et al. (1997) . Membranes were blocked in 5% nonfat milk in PBS with 0.1% T ween 20 (PBS-T) and reacted overnight at 4°C with A␤ antibody 6E10 (Signet, Dedham, M A) at 1:2000 in PBS-T followed by a goat anti-mouse peroxidase conjugate (Chemicon, Temecula, CA) at 1:2500 in PBS-T for 30 min at room temperature. Bands were visualized using Supersignal (Pierce, Rockford, IL) and developed onto Kodak X-OM AT AR film (Rochester, N Y). Different exposures of the film were digitized, and band density measurements for A␤40 and A␤42 were made using N IH Image version 1.61 (National Institutes of Health, Bethesda, MD). Each sample pair was run at least three times, and the mean was taken. Only bands within the linear range of the film were analyzed.
To analyze APP processing in more detail, the ␤-secretase cut, the N terminal secreted fragment (sAPP␤), and the corresponding C terminal fragment C99 were additionally analyzed. For the analysis of sAPP␤, proteins were separated on a 8% SDS-polyacrylamide gel and transferred to Immobilon-P membranes as described previously (Andra et al., 1996) . The blot was reacted with rabbit neoepitope antiserum 852 against the C terminus of sAPP␤ (P. Paganetti and M. Staufenbiel, unpublished observations). As an internal control, an antibody to tubulin was used.
Statistics. All statistical analysis was done using StatView 5.0.1. The mean Ϯ SEM is indicated. Significance level was set at p Ͻ 0.05. 
RESULTS

Disruption and loss of cholinergic fibers in neocortex of aged APP23 mice
To study the impact of cerebral amyloidosis on the cholinergic system, we have analyzed AChE-positive fiber length and ChATpositive boutons in neocortex of APP23 mice. Three age groups with similar numbers of male and female APP23 mice were examined: young (6 months; n ϭ 6), adult (15 months; n ϭ 5), and aged (24 months; n ϭ 7). Corresponding controls were young (6 months; n ϭ 6), adult (15 months; n ϭ 8), and aged (24 months; n ϭ 5) wild-type mice. Quantitative analysis of the amyloid load revealed no amyloid deposition in the young APP23 mice, 4.0 Ϯ 1.8% in adult APP23 mice, and 28.6 Ϯ 1.4% in aged APP23 mice ( Fig. 1 A,B) . Consistent with previous reports, the majority of the amyloid deposition in APP23 mice was compact in nature and congophilic (Calhoun et al., 1998b; Stalder et al., 1999) . Amyloid deposits were also found in vessels and as extracellular diffuse amyloid (Fig. 1 B) . Neocortical volume did not differ between the groups at any age (mean volume for all mice ϭ 17.4 mm 3 ; one hemisphere).
Histochemical staining for AChE revealed a dense laminated network of cholinergic fibers throughout the neocortex of wildtype mice and young APP23 mice. In adult and aged APP23 mice, however, there was a loss and often dramatic disruption of the cholinergic fiber network (Fig. 1C,D) . In particular in the aged APP23 mice, a loss of AChE-positive fibers throughout the entire neocortex was evident with intense staining of dystrophic structures at the plaque periphery and diffuse staining of the amyloid cores (Fig. 2 A) . High-power microscopic analysis identified these dystrophic structures as fibers that often formed loops ending in dystrophic boutons (Fig. 2 A) . Semithin and ultrathin sectioning through the diffusely stained AChE-positive amyloid cores demonstrated that AChE immunoreactivity was associated with amyloid fibrils (Fig. 2 B) .
ChAT immunohistochemistry revealed punctate staining of cholinergic boutons throughout the neocortex (Fig. 2C,D) . Punctate staining was often very dense revealing the shape of individual cholinergic fibers with their immunostained boutons. No qualitative difference in staining was noted between wild-type and young APP23 mice. In contrast, in adult and aged APP23 mice a reduction of ChAT-positive boutons was observed in neocortical areas with a high amyloid burden, such as entorhinal and frontal cortex (Fig. 2 D) . Large dystrophic ChAT-positive structures were present at the periphery of the amyloid plaques and resembled the AChE-positive dystrophic fibers described above. For quantification of cholinergic fiber length, AChE histochemistry was chosen because of robust staining and significant penetration of the stain into the tissue sections, both prerequisites for stereological analysis. Results for total length of AChEpositive fibers in neocortex revealed the astonishing length of 600 m per hemisphere and was similar for all three groups of wild-type mice (Fig. 3) . In contrast to this lack of age effect in wild-type mice, there was a clear reduction in fiber length with aging in the APP23 mice that reached 35% compared with young APP23 mice and 25% compared with adult APP23 mice. In comparison with age-matched wild-type mice there was a 29% reduction. Consistently, ANOVA revealed a significant age effect (F (2,31) ϭ 6.40; p Ͻ 0.01), a significant transgene effect (F (1,31) ϭ 4.59; p Ͻ 0.05), and a significant age ϫ transgene interaction (F (2,31) ϭ 4.30; p Ͻ 0.05). Newman-Keuls post hoc analysis indicated that the fiber loss in aged APP23 mice was statistically significant compared with aged wild-type mice ( p Ͻ 0.01) and to young ( p Ͻ 0.01) and adult ( p Ͻ 0.05) APP23 mice (Fig. 3A) . A significant negative correlation between AChE-positive fiber length and amyloid load was apparent when adult and aged APP23 mice were combined (R 2 ϭ 0.46; p Ͻ 0.05) (Fig. 3B ). Males and females were combined for AChE-fiber length analysis because previous ANOVA analysis did not reveal any significance for, or interaction with, gender. 
ChAT and AChE activities in the frontal cortex of APP23 mice
ChAT and AChE enzyme activities were measured in the frontal cortex (Table 2) . Three age groups consisting of similar numbers of both sexes of APP23 mice (6 months, n ϭ 8; 19 months, n ϭ 11; 24 months, n ϭ 6) and age-matched wild-type control mice (6 months, n ϭ 8; 19 months, n ϭ 9; 24 months, n ϭ 7) were used. Because of logistical issues, the young, adult, and aged mice were analyzed separately, thus preventing comparison between age groups. Because no difference between males and females was apparent, male and females were combined. Results revealed a modest but significant decrease of ChAT activity in the frontal cortex of aged APP23 mice as compared with age-matched controls (t (11) ϭ 2.27; p Ͻ 0.05) ( Table 2) . Differences in AChE activities did not reach significance, although there was a trend toward decreased activities in transgenic mice in all three groups (Table 2) .
Number and volume of ChAT-positive neurons in the basal forebrain
Two age groups of APP23 mice ( young: 8 months, n ϭ 8; aged: 27 months, n ϭ 8) and corresponding wild-type mice ( young: 8 months, n ϭ 7; aged: 27 months, n ϭ 6) were used with sex equally balanced within groups and treated as one group. ANOVAs for ChAT-positive neuron number were calculated separately for the NBM complex and the MS-VDB (Fig. 4) . Results did not reveal a significant effect of age or transgene on neuron number ( p Ͼ 0.05) (Fig. 5A,B) . There was also no change in volume of ChATpositive cells in the NBM complex (Fig. 5C ). Rather unexpectedly, a significant transgene effect (F (1,25) ϭ 8.76; p Ͻ 0.05) with a nonsignificant age ϫ transgene interaction was found for the volume of ChAT-positive cells in the MS-VDB, indicating that both young and aged APP23 mice have smaller cholinergic neurons in the MS-VDB (Fig. 5D) .
Lesions of the nucleus basalis of Meynert reduce neocortical A␤ load
Groups of male and female mice were lesioned at 5, 7, 10, and 13 months of age and were killed at 9, 15, 13, and 20 months of age, respectively. Only mice with a complete lesion of the NBM complex and a Ͼ20% ChAT decrease in the ipsilateral compared with contralateral frontal cortex were included in the analysis (n ϭ 11; mean ChAT decrease: 38 Ϯ 4%). Histologically, in these Aged transgenic mice had a significant loss of fiber length compared with aged wild-type mice (**p Ͻ 0.01) and with young transgenic mice (**p Ͻ 0.01). Indicated is the mean Ϯ SEM for one hemisphere only. B, A significant negative correlation between AChE-positive fiber length and amyloid load was apparent when adult (circles) and aged (squares) APP23 mice were combined.
mice there was a considerable loss of AChE-positive fibers in the ipsilateral frontal cortex (Fig. 6) .
Stereological analysis of the amyloid load on A␤-immunostained sections revealed a mean decrease in the amyloid load of 22 Ϯ 8% in the ipsilateral versus contralateral frontal cortex (Fig.  6 A,B) . The individual changes ranged from ϩ14 to Ϫ63% with a decrease in 8 of 11 mice. This difference did not reach statistical significance ( p ϭ 0.11, Wilcoxon signed rank test). In contrast, a significant decrease was observed when A␤40 was analyzed using densitometry of Western blots. The mean decrease was 19 Ϯ 9% with a range from ϩ30% to Ϫ61% (Fig. 6C) . Eight of 11 mice revealed a decrease ( p ϭ 0.04, Wilcoxon signed rank test). The ratio between A␤42 and A␤40 was not significantly different between the ipsilateral (0.29) and contralateral side (0.26).
To f urther study APP processing we have analyzed sAPP␤ and C99, the two cleavage products of ␤-secretase. No significant difference was found for sAPP␤ between ipsilateral and contralateral side (Ϫ7%; p ϭ 0.15; paired t test), and this difference was identical to the one found for tubulin. Consistently, no apparent difference for C99 between ipsilateral versus contralateral was found (results not shown). These results indicate that cholinergic denervation does not lead to a globally detectable shift of APP metabolism to the amyloidogenic pathway in APP23 mice.
DISCUSSION
Cerebral amyloidosis is a hallmark lesion of AD, and genetic analysis has demonstrated that A␤ is central to AD pathogenesis (Selkoe, 1999) . Similarly, depletion of the cholinergic system is a robust finding in AD and correlates with cognitive impairment (Collerton, 1986; DeKosky et al., 1992; Bierer et al., 1995) . Yet, the link between cerebral amyloidosis and the cholinergic deficit remains poorly understood.
The present study was undertaken to investigate alterations in the cholinergic system in the APP23 mouse model of cerebral amyloidosis. The mice develop amyloid plaques and cerebrovascular amyloid throughout the neocortex and hippocampus with only modest amyloid deposition in the basal forebrain (Sturchler-Pierrat et al., 1997; C alhoun et al., 1998b) . Individual amyloid deposits in APP23 mice are also morphologically similar to those in AD brain and include congophilic amyloid cores, amyloid-associated dystrophic neurites, astrocytosis, and microgliosis . A difference between amyloid plaques in mouse compared with AD brain is the lack of paired helical filaments in plaque-associated dystrophic neurites (Sturchler-Pierrat et al., 1997). Moreover, there is a Aged transgenic mice showed a significant loss of ChAT activity as compared with age-matched wild-type controls (*p Ͻ 0.05). No significant decrease of AChE activity was detected. Because of logistical issues the young, the adult, and the aged mice were analyzed separately, thus preventing comparison among age groups.
difference in solubility and chemical composition of the amyloid (Kuo et al., 2001) .
Results of the present study reveal a robust 30% decrease in cholinergic fiber length with distorted and dystrophic cholinergic fibers surrounding the amyloid very similar to that in AD brain (Geula et al., 1998) . Because fiber loss in the mice correlated with cortical A␤ load and because we did not find a loss or shrinkage of cholinergic neurons in the NBM, our results suggest that the cortical cholinergic deficit in APP23 mice is locally induced by A␤ deposition. These results are also consistent with earlier observations that retrograde degeneration in the NBM only occurs after more severe cortical tissue damage (Sofroniew et al., 1983; Liberini et al., 1994) . In other transgenic mouse models, a lack of neuron loss in the basal forebrain has also been reported. However, in these mouse models, no significant cortical cholinergic deficits have been observed possibly because of the age of the mice and/or the lower neocortical amyloid burden (Wong et al., 1999; Bronfman et al., 2000; Hernandez et al., 2001; Jaffar et al., 2001) , although in one plaque-burdened mouse line a decrease in vesicular acetylcholine transporter-positive bouton area and density in frontal cortex was reported (Wong et al., 1999) .
Rather unexpectedly, our results reveal that cholinergic neurons in the MS/ V DB of APP23 mice are significantly smaller compared with wild-type mice. Amyloid deposition is unlikely to account for this observation, because a decrease in neuron volume was also found in the 8-month-old APP23 mice that exhibited negligible amyloid deposition in hippocampus and no deposition in the MS -V DB. It has been reported that in SN56 cells (N18TG2 neuroblastoma cells f used with mouse primary septal neurons), low concentrations of A␤ can induce longlasting downregulation of the cholinergic activities without evidence of neurotoxicity (Pedersen et al., 1996; Auld et al., 1998) . Thus, it is possible that A␤ levels in the 8-month-old APP23 mice are high enough to induce cholinergic hypoactivity and shrinkage of MS -V DB neurons, although it is unclear why this region would be preferentially affected. Interestingly, in another APP transgenic mouse model, a selective decrease in size of MS cholinergic neurons, but not N BM cholinergic neurons, has also been reported (Bronfman et al., 2000) . In this model however, shrinkage was observed in aged transgenic mice but not in young transgenic mice without amyloid deposition. This difference may be explained by the much lower levels of APP expression /A␤ in this latter model. In AD a shrinkage of basal forebrain cholinergic neurons has also been reported (Vogels et al., 1990) .
Cholinergic fiber loss in AD neocortex displays considerable regional variability with reductions exceeding 50% in some cortical areas (Mesulam, 1996; Geula et al., 1998) . In addition, there is a poor correlation between amyloid plaques and fiber loss, suggesting that amyloid deposition in neocortex cannot be the exclusive cause of the cholinergic loss. Thus, it is likely that in AD brain the significant loss of cholinergic basal forebrain neurons contributes to the cortical cholinergic deficit and accounts for the more pronounced fiber loss as compared with APP23 mice. NBM cholinergic neurons are among the first neuronal groups with neurofibrillary tangle formation and among the first neurons that are lost in AD (Mesulam, 1996; Cullen and Halliday, 1998; Sassin et al., 2000) .
In contrast to the significant fiber loss in APP23 mice, our results revealed only a modest loss of ChAT and AChE enzyme activities. Correlative analysis of ChAT and AChE enzyme activities and amyloid load in AD brain have revealed conflicting findings. Some studies have found negative correlations (Perry et al., 1981; Mountjoy et al., 1984; Zubenko et al., 1989; Beach et al., 2000a) , whereas others have found no relation (Wilcock et al., 1982; DeKosky et al., 1992; Geula et al., 1998) . In AD and in APP23 mice, a significant amount of ChAT and AChE staining is associated with dystrophic neurites surrounding amyloid plaques (Benzing et al., 1993; Moran et al., 1993) . Moreover, in both AD and APP23 mice, AChE is a component of amyloid-containing plaques, and it has been suggested that AChE accelerates amyloid fibril formation (Gomez-Ramos et al., 1992; Mesulam et al., 1992; Inestrosa et al., 1996) . It is possible that this notable accumulation of ChAT and AChE within and around plaques in APP23 mice accounts for the only modest overall decrease in enzyme activities.
It has been hypothesized that cholinergic depletion in AD contributes to cerebral amyloidosis. This hypothesis is based on the observation that activation of protein kinase C through muscarinic receptor binding stimulates the nonamyloidgenic pathway of APP processing by increasing sAPP␣ production and reducing A␤ generation (Buxbaum et al., 1992; Nitsch et al., 1992; Hung et al., 1993) . Thus, the loss of the cholinergic innervation may lead to increased production of A␤ and amyloid deposition. In vivo support for altered APP processing has been provided in both N BM-lesioned rats and in rats after Figure 6 . Amyloid load in the frontal cortex after NBM lesions. A, B, Double labeling for AChE (brown) and A␤ (blue) in a 13-month-old APP23 mouse 3 months after a unilateral NBM lesion reveals a considerable loss of cholinergic fibers in the ipsilateral ( B) compared with contralateral ( A) frontal cortex. Stereological assessment revealed a 22% reduction of amyloid deposition in the ipsilateral compared with contralateral side. Scale bar: A, B, 90 m. C, Western blotting of cortex homogenates. Samples were run in pairs, i.e., contralateral side ( c) versus ipsilateral side ( i). Shown are three mice. Results for all the mice revealed a 19% decrease of A␤40 between the two sides. No difference in the ratio between A␤40 and A␤42 was found between contralateral and ipsilateral side. muscarinic agonist treatment (Rossner et al., 1997; Lin et al., 1999) . However, A␤ levels were not assessed in these studies. In contrast, A␤ levels were assessed 6 months after N BM lesions in rabbits and resulted in a 2.5-and 8-fold increase in neocortical A␤40 and A␤42, respectively, however no deposition of amyloid was found (Beach et al., 2000b) . Based on these findings we initiated similar N BM lesions in APP23 mice that develop cerebral amyloidosis with aging.
ChAT reduction after NBM lesions in APP23 mice was 38% and is similar to the reduction reported in NBM-lesioned mice, rats, and rabbits (Smith, 1988; Beach et al., 2000b) . However, we failed to see increased A␤ levels or deposition in the lesioned hemisphere in APP23 mice. Perhaps it is difficult to further shift the processing of transgenic APP toward the ␤-secretase pathway because the Swedish double mutation in APP23 mice already greatly favors this pathway (Citron et al., 1992) .
The observation that NBM lesions in APP23 mice actually result in a decrease in neocortical amyloid deposition may be explained by the finding that AChE accelerates the assembly of amyloid peptide into amyloid fibrils (Inestrosa et al., 1996) . Accordingly, the cholinergic deficit in APP23 mice may result in reduced amyloid formation. However, the observations of amyloid plaque reduction after NBM lesions may also be the result of enhanced clearing mechanisms in a lesioned-deafferented brain tissue and not be specific to the cholinergic system. It has been reported that traumatic brain injury results in a 30% regression of amyloid burden in the hippocampus of PDAPP transgenic mice (Nakagawa et al., 2000) . Moreover, entorhinal cortex lesions appear to inhibit amyloid plaque formation in the deafferented dentate gyrus (S. Sisodia, personal communication). The mechanism is not clear but may involve enhanced microglia clearance of amyloid in the denervated-lesioned brain areas.
In conclusion, our results suggest that the cerebral amyloidosis in neocortex of APP23 mice causes significant cholinergic fiber loss and severe disruption of the cholinergic fiber network. Because the mice do not lose basal cholinergic forebrain neurons, these results suggest that the cholinergic deficit in APP23 mice is locally induced by the amyloid in neocortex. In light of the role and importance of the neocortical cholinergic system for cognition (Winkler et al., 1995) , the cholinergic changes in APP23 mice may contribute to the recently described cognitive impairment of these mice (Kelly et al., 2002) . Importantly, our lesion results suggest that in the APP23 mouse model, loss of cholinergic forebrain neurons and a subsequent loss of cortical cholinergic activity does not promote amyloid deposition.
